Reciprocal-transplant experiments have proven to be a powerful tool for detecting local adaptation (LA). More recently, reciprocal cross-inoculation experiments have been used to evaluate adaptation by parasites to their local host populations. These experiments are conceptually similar to reciprocal-transplant experiments, except that the "environment" (the host population) may have evolved in response to changes in the parasite population. Here, I use analytical tools and computer simulations to determine when parasites would be expected to be more infective to their local host populations than to allopatric host populations. The models assume that parasites have to genetically "match" their hosts in order to infect. I also assumed that different host clones were favored in different populations. When parasite virulence was low, clonal selection outweighed parasite-mediated selection, leading to low host diversity within populations and strong LA by parasites. At intermediate levels of virulence, parasite-mediated selection maintained high levels of host diversity within populations, which reduced or eliminated parasite LA. The loss of parasite LA was not associated with increased infectivity by parasites on allopatric hosts. Instead, the loss of LA was due to a reduction in infectivity of parasites on sympatric hosts. Finally, at high levels of parasite virulence, parasite-mediated selection led to oscillatory host dynamics and weak local adaption by parasites. Across all levels of virulence, the strength of parasite LA closely tracked the degree of host population structure (G ST ).
Adaptive divergence among isolated natural populations is an important component of ecological models of speciation (Richmond and Reeder 2002; Langerhans et al. 2007 ) and it can provide insights into the process of evolution by natural selection (Schluter 1996) . One of the most powerful ways to study adaptive divergence among populations is through reciprocal-transplant experiments. In these experiments, organisms from multiple populations in divergent habitats are transplanted into other habitats, as well as back into their home habitat (e.g., Turesson 1922; Clausen et al. 1940; Clausen et al. 1948; Bradshaw 1960; Williams 1966) . When the organisms generally perform better in their home habitat than in allopatric habitats, they are referred to as being locally adapted. Local adaptation (LA) has been revealed in a large number of studies in which organisms have been reciprocally transplanted among divergent habitats (reviews in Kawecki and Ebert 2004; Blanquart et al. 2013; Savolainen et al. 2013; Lascoux et al. 2016 ).
More recently, conceptually similar experiments, called "reciprocal cross-inoculation experiments," have been conducted in hostparasite systems. Here, hosts from multiple populations are exposed to infectious propagules from sympatric and allopatric parasite populations, usually in "common gardens." The goal has been to determine whether parasites are most infective to their local hosts, or if hosts are most resistant to their local parasites (e.g., Parker 1985; Lively 1989; Ebert 1994; Koskella 2014; Morran et al. 2014) . Although parasites are commonly found to be locally adapted, the results are somewhat mixed (Kaltz and Shykoff 1998; Greischar and Koskella 2007; Hoeksema and Forde 2008) . This mixture of results presents an interesting conundrum.
One obvious difference between reciprocal-transplant experiments and reciprocal cross-inoculation experiments involving hosts and parasites is that the host (the "habitat") can evolve in response to the evolution in sympatric parasite populations. This leads naturally to host-parasite coevolution. When should this kind of coevolution lead to LA?
There is now a considerable theoretical literature on LA in coevolving host-parasite interactions. Much of the work has been appropriately focused on the interaction between the strength of parasitemediated selection and gene flow among populations. Strong selection can generate asynchronous oscillatory dynamics across populations, which can lead to parasite LA, provided gene flow is not too high (Frank 1991; Ladle et al. 1993; Judson 1995; Gandon et al. 1996; Morand et al. 1996; Lively 1999; Gandon 2002; Sasaki et al. 2002; Gandon and Otto 2007) . On the other hand, small amounts of parasite gene flow allow for the introduction of genetic diversity, which can increase the rate of evolution in parasite populations, thus fueling the oscillations (Hamilton 1993; Judson 1995) . Analytical models have shown further that LA can depend on the relative amounts of gene flow for hosts and parasites, where parasite LA is more likely if selection on parasites is stronger than selection on hosts, and if parasites migrate more than hosts (Gandon 2002; Gandon and Michalakis 2002; Morgan et al. 2005 ). In addition, spatial structure in the host can be generated by genetic drift in small populations, which can lead to local adaption by parasites (Gandon 2002; Gandon and Nuismer 2009 ). Finally, spatial structure and LA can result from geographic variation in the strength of selection of parasites on hosts, and vice versa (Nuismer 2006; Gandon and Nuismer 2009) . Taken together, the results suggest that LA by parasites to hosts depends on a complex interplay between different factors; but, in general, some degree of population genetic structure is required in the host.
In the present study, I studied adaptation by parasites to local host populations, where the host populations were evolving in different abiotic environments. Host evolution in these different environments led to host population structure in the absence of parasites. The results suggest that, compared to avirulent parasites, moderately virulent parasites can homogenize host populations, thereby reducing host population structure and reducing the degree of local adaption to near zero. This reduction in LA, however, was not caused by an increase in infectivity of parasites on allopatric hosts.
Models

Local Adaptation
Assuming a large host population, and that infection requires that parasites match their host's genotype, the average number of secondary infections across all parasite strains is:
where p i and h i are the frequencies of the ith parasite and host genotypes, respectively; and B gives the number of eggs produced by each parasite strain that make contact with a host, whether or not the parasite matches and infects the host. Here, the summation term gives the mean probability of success per propagule taken over all parasites genotypes, and is equal to
where P is the number of parasite strains, and H is the number of host strains (derivation in Lively 2016). This result depends on the assumption that each parasite strain can only infect one host strain, which is the working assumption of the matching alleles model of infection genetics (Frank 1993 (Frank , 1994 Otto and Michalakis 1998; Agrawal and Lively 2002) , but it seems to be reasonably robust as long as parasites show specificity for infection (Engelstädter and Bonhoeffer 2009; Engelstädter 2015) . Critically, cov(p i , h i ) gives the within-population covariance between the frequencies of the different parasite genotypes and the frequencies of their matching host genotypes. The 1/H term in Equation 2 gives the probability of a successful match in the absence of coevolution, and it provides a baseline for parasite fitness whenever the cov(p i , h i ) is equal to zero. For parasites exposed to an allopatric population of hosts, the average probability of infection is
where the prime symbol indicates hosts in allopatry. The difference between Equations 2 and 3 conforms to the "home vs. away" definition of Kawecki and Ebert (2004) . Similarly, for hosts that are exposed to an allopatric population of parasites, the average probability of infection is:
Here, the difference between Equations 2 and 4 conforms to the "local vs. foreign" definition of Kawecki and Ebert (2004) . Assuming that migration among populations is not sufficiently strong to overcome local selection, then the average covariances involving allopatric combinations of hosts and parasites should be zero under either definition. Assuming further that the numbers of host and parasite strains are equal in all populations, the difference between the mean probability of success per propagule between sympatric and allopatric exposures could be taken as an estimate of LA, L:
where the expectation term gives the average within-population covariance over all populations in the metapopulation. Equation 5 is true under either definition of LA for the host-parasite situation considered here. Previous work has shown that the 2 definitions give the same result for LA, in general, although they can be associated with different variances about the mean (Morgan et al. 2005; Blanquart et al. 2013) . It is worth emphasizing that Equation 5 assumes that migration among populations is not strong enough to produce spatial correlations in allele frequencies among populations, which reduces population structure (Gandon et al. 1996; Gandon 2002; Gandon and Nuismer 2009) . It is worth noting that the derivation of LA derived here is mathematically different from that derived by Gandon and Nuismer (Nuismer and Gandon 2008; Gandon and Nuismer 2009 ). Both formulations rely on covariances to determine the degree of LA by parasites; but in the present study the covariance is focused on the average covariance between matching host-parasite genotypes within populations. It is basically a measure of the average fitness of parasites when exposed to sympatric hosts, minus the average fitness of parasites when exposed to allopatric hosts. In contrast, the formulation by Gandon and Nuismer relies on the spatial covariance of matching host-parasite genotypes across populations. If the covariance term is positive, then parasites are locally adapted; if the covariance term is equal to or less than zero, then parasites are not locally adapted (reviewed in Nuismer 2017). It seems likely that the 2 formulations are simply different ways of saying the same thing, but this has not been shown.
Simulations
The simulation initiated 20 different haploid host populations, each with 9 different clonal host genotypes, which were encoded by 3 alleles at 2 loci (following Lively 2010). The clones were randomly assigned to different initial frequencies in all 20 populations. Fecundity was separately and randomly assigned to the each of the 9 host genotypes within all 20 populations. Hence, different clones would, by chance, have fitness advantages in different populations, but there was no intrinsic advantage averaged over the entire metapopulation. This was meant to mirror the realistic possibility that different host genotypes are most fecund in ecologically different populations; it also leads to a natural way to generate host population structure, which is required for LA by parasites. To implement the fecundity assignments, I randomly assigned host genotypes with a mean fecundity of 10 and a normally distributed standard deviation of either 0.1 or 1.0, where higher standard deviations reflect higher fecundity differences among host genotypes within populations.
Host birth rates were density-dependent, following Maynard Smith and Slatkin (1973) . Specifically, the birth rate for uninfected hosts was equal to b u /(1 + a u N), where b u is the maximum number of offspring produced, a u reflects the sensitivity to competition, and N gives the total number of hosts in a population. The carrying capacity, K under this form of density-depended fecundity is, K = (b u − 1)/a u . As indicated above, I set the mean maximum offspring number to 10 (b u = 10). I set a u to 0.0001, thus the average carrying capacity, K, was equal to 90 000 individuals in uninfected populations. Given the large populations size, I assumed that drift was negligible.
The hosts were assumed to be annuals. Each of the populations was initiated at carrying capacity, with randomly chosen frequencies for each genotype. A single infected individual for all 9 host genotypes was then added to all 20 populations. In all subsequent generations, the hosts were infected as juveniles after contacting the infectious propagules left from hosts in the previous generation. The parasites were assumed to be asexual. The number of infected hosts for each clone depended on the number of hosts from the same clone that were infected in the previous generation. Specifically, the number of infected juveniles for each host genotype was calculated as,
where I i is the number of infected individuals for the ith host type. The expression in brackets gives the probability of infection, assuming that exposure to a single matching parasite genotype is sufficient to cause infection. Thus, the probability of infection increases with the number of infected hosts in the previous generation, which allows for epidemiological feedbacks that can increase the strength of parasite-mediated selection (Lively 2010) . Similarly, the number of uninfected juvenile hosts for each genotype was calculated as
Here, the expression in brackets gives the Poisson distributed probability that the host is not exposed to one or more infectious propagules that match its genotype. Parasite virulence was assumed to be density-independent (a u = a i ). To vary virulence, I simply reduced the maximum birth rate for infected individuals, b i , in discrete steps: 9.9, 9, 8, 7, 6, 5, 4, 3, 2, 1, 0.1. Virulence was then calculated as (b u − b i )/b u , and thus ranged from 0.01 to 0.99.
I also allowed realized parasite fecundity, B, to vary among populations to capture the biologically realistic idea that ecological differences among populations would affect the probability that parasite propagules make contact with hosts. Hence realized parasite fecundity was initiated separately in each population with a mean of 15, and with a normally distributed variance of 15. I set the variance equal to the mean to model the situation where realized parasite fecundity is random across populations. This approach differs from Nuismer's (2006) approach, which allowed virulence to vary among populations; but it should have a similar effect in creating a geographic mosaic in which the strength of parasite-mediated selection varies among sites.
To simulate host and parasite migration, I coded the simulation to introduce a single infected individual for each host clone with a probability of 0.5. Hence, a single infected migrant for each clone was introduced, on average, every other generation. The total number of infected migrants was then, on average, 4.5 individuals per generation. Because the host populations were large even when infected (>45 000 individuals), the overall host migration rate was small (m < 0.0001). The parasite populations were smaller than the host populations, so the migration rate was proportionately higher in the parasite population, but still less than 0.001. Note that there was no bias in the probability of migration by the different infected host genotypes, as they were expected to be equally frequent across the metapopulation. Migrants were assumed to be drawn from a very large metapopulation, of which the 20 simulated populations were only a small part. This is a nonstandard way to simulate "migration," but the main purpose was to introduced genetic variation into the parasite population, which can be lost when virulence is very high (e.g., Lively 1999) . Setting migration to zero yielded the same results for virulence levels of 0.8 or less.
The simulation was run for 2100 generations; the data from each of the 20 populations was collected at the final generation. This was meant to capture the system at a single time point in the way in which field biologists might sample a metapopulations. In the absence of parasites, the most fecund clones would become fixed, or nearly fixed, and the host populations became highly structured. Data collected at generation 1000 were similar to those collected at generation 2100, so I assumed that the dynamics had stabilized in 2100 generations.
At generation 2100, I calculated the mean probability of infection across all sympatric combinations of host and parasite (N = 20) using Equation 2. I also calculated the mean probability of infection for 20 allopatric combinations of host and parasites, using a different allopatric host for each of the 20 different parasite population ( , which for the present study (H = 9) is approximately equal to 0.89. Finally, to measure the degree of oscillation in host genotype frequencies over time, I calculated the average standard deviation in frequency separately for each host genotype for the last 100 generations of the simulation. I then averaged these values to produce a single measure of oscillatory behavior in each host population.
The results reported here show the output for a single run of the simulation for each combination of parameter values. To determine the robustness of the results, I re-ran the simulation 4 additional times to examine the variation among runs for the results reported in Figure 1a . To further determine the robustness of the results, I ran simulations with different combinations of migration by infected and uninfected hosts. In these simulations, the probability of a single infected host entering a population was either 0.1 or 1.0, and the probability of a single uninfected host was either 0.1 or 1.0 (giving 4 different combinations of migration probabilities). I also ran simulations in which I reduced the among-population variance in parasite fecundity for 15 to 0.01, which reduces strength of parasite-mediated selection among populations. Finally, I ran simulations in which 2 different recombination rates were considered (0.05 and 0.50) in a sexual host population. Thus, there was either very low recombination between the 2 host immune loci (0.05), or free recombination between loci (0.50). For these simulations, I used 0.01 (instead of 0.1 or 1.0) for the variance in host fecundity, as recombination would allow selection on host fecundity to be decoupled from selection for parasite resistance.
Results
Given Equation 3, we would expect that parasite populations given to allopatric host populations would have an average probability of infection of 1/H, which is equal to 0.11 (as H, the number of host genotypes was set at 9 for all 20 host populations). This expectation was met for all values of virulence (e.g., Figure 1a,b) . Hence, as expected under the condition of low migration, the covariance term in Equation 3 was very near zero for allopatric exposures. The same results were obtained for the average infection probabilities, whether parasites were exposed to allopatric hosts (Equation 3), or hosts were exposed to allopatric parasites (Equation 4) (Supplementary Figure S1) , so only the former (home vs. away) is shown in the main text. The variances about the mean also did not differ between the 2 definitions (Supplementary Figure S1) . This later result (equal variances) might be expected, as the simulated exposures mimicked a common garden experiment under ideal conditions for exposure (Blanquart et al. 2013) . Finally, the covariance between matching host and parasite genotypes very closely tracked the variance in frequency for the host genotypes (Supplementary Figure S1) For sympatric combinations of parasite and host, parasite virulence had a decisively nonmonotonic effect on the probability infection (Figure 1a) , as well as on the strength of LA (Figure 1e) . At low levels of parasite virulence, and when the variance in host fecundity was high, sympatric parasite populations showed high levels of infection ( Figure 1a ) and strong LA (Figure 1e ). The strength of parasite LA decreased when virulence was increased to intermediate levels, and then increased again as virulence was increased to high levels ( Figure 1a) . Hence, the magnitude of LA showed an asymmetric U-shaped pattern. These results were shown to be qualitatively robust for all 4 independent runs across all virulence values (Supplementary Figure S2) .
Total host genetic diversity across the metapopulation (H T ) was only slightly affected by virulence, and remained near its theoretical maximum of 0.89, which implies that the host genotype frequencies were nearly even across the metapopulation (Figure 1c) . The average genetic variation within host populations (H S ), however, showed a hump-shaped pattern, with low values of H S at both low virulence and high virulence, and with high values (near the theoretical max.) of H S at intermediate levels of virulence (Figure 1c) . Thus, H S was inversely related to the probability of infection in sympatric combinations (compare Figure 1a with Figure 1c ). In addition, the measure of population structure, G ST , mapped onto LA in an almost one-to-one manner (Figure 1e) . G ST and LA were both high at low levels of parasite virulence, where fecundity selection in the host was strong relative to infection-mediated selection, leading to the loss of host diversity within populations (Figure 1e) . G ST and LA were both low at intermediate levels of virulence, when parasite mediated-selection was strong enough to reduce the variation in the frequency of host genotypes. Finally, at high levels of parasite virulence, the populations began to show oscillatory dynamics, which is now known as Red Queen dynamics (Figure 1c) . The oscillations reduced the within population genetic variation for populations sampled at a single point in time, thus reducing H S and increasing G ST .
To test this explanation, I reduced the variance in host fecundity from 1.0 to 0.1. As expected, the observed levels of G ST and LA were much lower at low levels of parasite virulence, as parasite-mediated selection became stronger than fecundity selection, leading to higher levels of within-population variation for hosts (Figure 1b,d,f) . Thus negative-frequency dependent selection that is strong relative to host fecundity selection can lead to the homogenization of host populations and the loss to local parasite adaptation. It is worth noting, however, that the loss of parasite LA is not due to the parasites becoming better able to infect allopatric hosts (Figure 1a,b) . The probability of infection for allopatric combinations remained low at 1/H across all levels of virulence.
These results were robust to changes in the relative migration rates of infected and uninfected hosts (Figure 2) . Nonetheless, the number of migrants was very low when compared to population size. The results were also robust to changing the among-population variance in parasite fecundity, B (Figure 3) . Reducing the variance in B from 15 to 0.01 had only minor effects on the observed patterns (compare Figure 1a ,b to Figure 3a,b) . Taken together, the main patterns in the results were qualitatively robust across all combinations of migration rates. They were also robust to within-population fecundity variation among host clones, and to variation in parasite fecundity among parasite populations.
Finally, I relaxed the assumption of clonal host reproduction by introducing recombination between the 2 disease resistance loci. I also assumed that, in a sexual host population, within-habitat selection on fecundity would be decoupled from selection on resistance. As expected, the parasites population showed no sign of LA at low levels of virulence. However, for high levels of virulence, frequency-dependent selection caused cycling in host and parasite genotype frequencies, along some degree of host population structure and LA by parasites (Figure 4) . The degree of LA observed, however, was small relative to that observed in clonal host populations (compare Figure 4 to Figure 1 ).
Discussion
I studied a computer simulation of host-parasite interactions in host populations facing 2 sources of natural selection. One source of selection was abiotic and frequency-independent; it stemmed from fecundity differences among different host genotypes in different isolated demes. The other source of selection was parasite-mediated, frequency-dependent selection against common host genotypes. The simulations assumed that migration was weak relative to selection, and that a genetic match of hosts by parasites was required for infection. The goal was to determine when parasites might be expected to be locally adapted across a wide range of values for parasite virulence. The simulations assumed a best-case scenario for local parasite adaptation (matching alleles for infection, clonal host reproduction, and low migration), yet parasite LA was not ubiquitous. Relaxing these assumptions would likely further reduce the parameter space under which local parasite adaptation might be expected.
When parasite virulence was relatively low, fecundity selection eroded the within-deme genetic variance in the host population, leading to high values of GST. Parasites then evolved to infect the a and b) gives the average probability of infection per parasite propagule for hosts exposed to sympatric parasites (Equation 2, blue line with circles) and for hosts exposed to allopatric parasites (Equation 3, red line with squares). The dashed line in a and b gives the analytical prediction for infection when the covariance term in Equation 2 or 3 is equal to zero. The middle row (c and d) gives the mean genetic variation within host populations (HS, blue line with squares), the total variation across all 20 populations (HT, red line with circles), and the average temporal variation (TV) in genotype frequencies (solid black line). Note that HT is near the theoretical maximum of 0.89 over most of the parameter space; and that HS is near the theoretical maximum for intermediate values of parasite virulence. The theoretical maximum implies that the variance in host genotype frequencies is very near zero. The bottom row (e and f) gives LA (red line with diamonds) as the difference between the mean of the sympatric and allopatric populations in panels a and b, respectively; it also shows the measure of population genetic structure, G ST (dashed black line). In all panels, the probability that a single infected host migrated into a population was 0.5 for all host genotypes. Parasite fecundity (B) was set at 15 with a variance of 15 to give variation among populations in the strength of parasite-mediated selection. Error bars give the 95% confidence interval of the mean (calculated as the average across all levels of virulence). Figure 1a and 1b, respectively, except that the amongpopulation variance in parasite fecundity, B, was reduced from 15 to 0.01. As in the previous figures, the difference between sympatric parasites (blue line) and allopatric parasites (red line) gives the degree of LA by parasites. Abbreviations and error bars are as given in Figure 1 . a and b) gives the results for simulations where the probability of that a single, infected migrant entered the populations was equal to 0.1 for all host genotypes. The bottom row (c and d) gives the results for simulations where the probability that a single, infected migrant entered the populations was equal to 1.0 for all host genotypes. Panels on the left (a and c) give the results for simulations where the probability that a single uninfected host migrant entered the population was 0.1, whereas the right column gives the results where this same probability was 1.0 for all host genotypes. The blue lines (with circles) show the average probability of infection for sympatric parasites, and the red line (with squares) gives the average probability of infection for allopatric parasites. The difference between the 2 lines gives the degree of local parasite adaptation. The dashed line gives the analytical prediction for infection when the covariance term in Equation 2 or 3 is equal to zero. Note that, as expected under low levels of migration, allopatric exposures gave values that are very close to the dashed line for all levels of virulence. Sympatric exposures converge on the dashed line for intermediate levels of virulence. In all panels, the standard deviation in host fecundity within populations was 0.1 (as in the right-hand column in Figure 1 ). Error bars give the 95% confidence interval of the mean (calculated as the average of the 95% CIs across all levels of parasite virulence).
most common host genotypes in sympatric populations, producing a positive covariance between matching host and parasite genotypes. In contrast, the covariance between matching genotypes among allopatric combinations of host/parasite populations was effectively zero, and infection success was, on average, very near the random expectation of 1/H, where H is the number of host genotypes. As a result of the positive covariance (on average) in sympatric hostparasite combinations, parasites were locally adapted. In addition, the measure of LA used here was very nearly equal to the standard measure of host population structure (G ST ). On the whole, under low virulence, it seems that spatial variation in fecundity selection produced host population structure, and that the parasites evolved to reflect this structure rather accurately.
A different set of results were observed under intermediate levels of virulence. Both host population-genetic structure (G ST ) and LA declined to near zero. However, it was not the case that LA declined because parasites became more successful at infecting allopatric hosts; the success of parasites on allopatric hosts remained at 1/H. Rather, LA declined, because moderate parasite-mediated selection led to a decreased variance in the frequencies of host genotypes (thus increasing H S ). As the variance in host genotype frequencies was eroded, the covariance between matching host-parasite types was reduced to near zero, thereby eliminating LA (Supplementary Figure S1) . In other words, the variance in h i , which is required for a cov(p i ,h i ) > 0, was eroded as parasite-mediated selection became stronger than fecundity selection. Similarly, G ST declined as virulence Figure 1 , except that the within-population standard deviation in host fecundity was reduced to 0.01. As in the previous figures, the difference between sympatric parasites (blue line) and allopatric parasites (red line) gives the degree of LA by parasites. Abbreviations and error bars are as given in Figure 1. increased from low to moderate for the same reason. Frequencydependent selection increased the average within-population genetic variance in the host, while having only a small effect on total variation in the metapopulation.
LA was again observed in the simulations at high levels of parasite virulence. This is consistent with previous results that show that strong parasite-mediated selection can destabilize the system leading to oscillatory dynamics in the frequencies of both host and parasite genotypes (Frank 1991; Ladle et al. 1993; Judson 1995; Gandon et al. 1996; Morand et al. 1996; Lively 1999; Gandon 2002; Sasaki et al. 2002; Gandon and Otto 2007) . In the present study, the oscillations in host genotype frequencies are reflected in the average standard deviations for the frequencies of individual host genotypes over time (see TV in Figures 1c,d and 4c,d ). Increases in these standard deviations are tightly coupled with decreases in H S , and consequently with increases in G ST at higher levels of virulence. Hence, Red Queen dynamics within populations results in host population structure. Here again, the degree of LA was almost identical to the measure for population structure (Figures 1e,f and 4e,f) . While it is not surprising the LA and G ST are correlated, it is perhaps surprising that they were almost exactly matched.
The basic results were robust to changing the relative migration rates of infected and uninfected hosts (Figure 2) . However, the migration rates were low for all combinations of values. Increasing migration to higher levels would be expected to eventually swamp out local parasite adaptation (Lively 1999; Morgan et al. 2005; Gandon and Nuismer 2009 ). The results were also reasonably robust to reducing the variance in parasite fecundity among populations from 15 to 0.01 (compare Figures 1 and 3 ). Such a change should have reduced the variance in the strength of parasite-mediated selection among populations, but it did not greatly affect the patterns of local adaption across the virulence continuum.
Recombination breaks down the association between resistance genes in the host and host genes for fecundity. Hence, alleles that confer low fecundity in local populations are eliminated. Thus, parasite-mediated selection, even at low virulence, maintains high within-population variance in host genotype frequencies, and low among-population variance (Figure 4) , as observed for MHC variation in natural populations of freshwater fish (Tobler et al. 2014) . Hence, LA is not expected to be observed under low-to-moderate levels of virulence. It is only under high virulence that parasite-mediated selection against common host genotypes in strong enough to destabilize the system, leading to the oscillatory dynamics discussed above. This then gives rise to relatively weak, but detectable, LA (Figure 4) . The reduced level of LA is likely due to the fact that recombination damps the oscillatory dynamics in outcrossing populations, which reduces host population structure (Figure 4) . In general, parasite-mediated, negative frequency-dependent selection is more likely to be a homogenizing force in host metapopulations, rather than a diversifying force (Yoder and Nuismer 2010) .
Taken together, the results suggest that LA by parasites should be most easily detected in clonal host populations occupying heterogeneous environments, especially when parasite virulence is very low or very high. Strong parasite LA has, in fact, been repeatedly observed in mixed clonal and sexual populations of freshwater snails that are coevolving with sterilizing digenetic trematodes (Lively 1989; Lively et al. 2004; King et al. 2009; King et al. 2011) . Intermediate levels of parasite virulence can lead to the homogenization of host populations, which reduces the within-population covariance between matching host-parasite genotypes, and it reduces or eliminates LA. Finally, results also suggest that LA might be difficult to detect in sexual host populations. Hence, the variation in results uncovered in synthetic reviews (e.g., Greischar and Koskella 2007) should, perhaps, not be regarded as unexpected. Finally, the lack of local adaption in cross-inoculation experiments does not necessarily rule out coevolution. The lack of LA might actually be the direct result of coevolution.
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